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Contact areas of the male titillators on the female's subgenital plate µCT analysis of titillator insertion in the female's genitalia Due to their internal nature they are often hidden inside the body, thus morpho-functional 25 studies of animal genitalia are broadly lacking. Males of some bushcricket taxa bear paired 26 genital appendices called titillators, the exact function of which is unknown since they are 27 obscured inside the female body during pairing. To investigate titillator morphology and 28 possible function during copulation, we studied the bushcricket Metrioptera roeselii 29 (HAGENBACH, 1822) using a novel combination of independent, yet complementary, 30
techniques. Copulating pairs were snap-frozen and scanned by X-ray micro-computed 31 tomography (µCT) to visualize the coupling of male and female genitalia in situ. Video 32 recordings of copulating pairs also showed rhythmical insertion of male titillators into the 33 female's genital chamber, where they percuss a softened structure on the female's subgenital 34 plate. Movements did not induce damage to the female's structure, which lacks any 35 sclerotized genital counterparts. Instead, scanning electron microscopy and histological 36 sections show the female subgenital plate to be covered with two different types of sensory 37 receptors at the contact zone between the male's titillator and the female genital chamber. We 38 interpret the non-harmful function of the titillator processes, the lack of a genital counter-39 structure and the presence of sensory cells on the female's subgenital plate as indicators of a 40 copulatory courtship function of titillators, subject to sexual selection by female choice. Here we present the first morphological investigation on bushcricket titillator functionality. 106
We apply a wide range of techniques, including digital microscopy, scanning electron 107 microscopy and histological sections of preserved specimens of both sexes. Furthermore, the 108 advanced technology of X-ray micro-computed tomography (µCT) gives the possibility of 109 visualising titillator positioning in flash-frozen pairs in copula in static 2D and rotating 3D 110 reconstructions. Based on these results, we provide detailed descriptions of the male titillator 111 morphology, where and in which form the titillators contact the female's genitalia during 112 copulation, and describe the female's genital counterparts, including sensory structures on the 113 contact sites of the female genitalia. Being 190 µm long, the third spine is more than double in length, projects outwards and is 210 located 100 µm apart from the two smaller spines (Fig. 1b, 2b,d) . and soft membrane. The female subgenital plate is approximately 2.7 mm long and at the 266 proximal part 2.6 mm wide (Fig. 4) . It has mirror-symmetry with two tips at the distal end. 267
Those tips surround the right and left part of the ovipositor in the closed state. They are 268 approximately 1.3 mm apart and yellow in colour (Fig. 4b) . the internal part, which is contacted by the titillators during copulation. This structure is 278 folded outward and softer than the surrounding tissues (Fig. 4b) . Using SEM, the surface of 279 the female subgenital plate is seen to be covered with numerous campaniform receptors of 280 about 4 µm length, regularly interspersed from each other by 6 µm (Fig. 5b) . Secondary to 281 these ubiquitously distributed sensilla, a number of trichoform sensilla, with lengths a 282 magnitude larger (50 µm), are irregularly distributed on the subgenital plate, especially at the 283 lateral sides (Fig. 4b, 5a ). In the histological cross-section and from staining with hematoxylin 284 and eosin, these trichoform sensilla (Fig. 6a: SH) are clearly visible. The sensory hairs are 285 innervated by an axon leading to the inside of the membrane (Fig. 6b: Ax) , where axons of 286 multiple sensory hairs are connected to form a single cell layer of 10 µm thickness (Fig. 6b) . 287 However, the cross-section revealed not only these sensory hairs, but also hill-shaped sensory 288 cells ( Fig. 6a: SC) . These hill-shaped sensory cells span the 60-70 µm thick genital-chamber-289 membrane, without being detected on the surface by SEM examination (Fig. 5) . After 290 remating with a second male, the macroscopic and microscopic inspection of the subgenital 291 plate revealed no scars or any form of injury (n=9). is the inappropriate adherence to the single hypothesis of genitalia as a lock-and-key system 340 (Shapiro and Porter, 1989 ). This precludes any alternative hypotheses and focuses on male 341 genital function (Eberhard, 2010a (Eberhard, , 2010b (Eberhard, , 2011 Simmons, 2014) . In one of the few studies of 342 orthopteran female genitalia (Alexander and Otte, 1967 ; reviewed in Sakai and Kumashiro, 343 2004), it was revealed that the posterior margin of the subgenital plate of Gryllus bimaculatus 344 crickets serves as an anchoring site for the hook shaped male epiphallus and that inside the 345 female genital chamber, small sclerotised structures occur (Sakai and Kumashiro, 2004) . 346
Whereas females of the bushcricket M. roeselii share with crickets the soft walls of the genital 347 chamber, which forms an inner space protected by the subgenital plate when not mating, they 348 completely lack any internal sclerotized structures (Wulff and Lehmann, 2014). Moreover, 349 µCT reconstruction of male and female contact during titillator insertion (Fig. 3) with  350 complementary visual inspection reveals a contact area covered by a thin elastic membrane 351 without any rigid structures (Fig. 4) . This membrane is folded outward and is softer than the 352 surrounding tissues (Fig. 4) . Despite the growing evidence for genital evolution in concert We can also reject the hypothesis that titillators act as devices for sperm removal. In M. 376 roeselii, the titillators are about 560 µm broad, whereas the diameter of the duct, which leads 377 to the female's spermatheca where sperm is stored reaches only about 200 µm (Wulff and 378 M A N U S C R I P T
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can also be excluded here, as no sperm ejection in remated females was detected (Wulff and 382
Lehmann, unpublished results). 383
Our morphological analysis shows that bushcricket titillators percuss a softened structure on 384 the female's subgenital plate, the surface of which is covered with two different sensory cells 385 (Fig. 5) . In contrast to the many studies covering genital morphology (reviewed in Eberhard, 386 1985; Simmons, 2014) , few data exist on sensory structures linked to genitalia (e.g. Since the sensory receptors are not clustered but evenly distributed over the subgenital plate, 396 it is likely that the rhythm of the titillator movement and not the exact location gives the 397 relevant stimulus. Furthermore, bushcricket females could have evolved preferences for 398 certain copulatory movements through processing of sensory impressions deeper in the 399 nervous system. The copulatory courtship would also explain our experimental results, in 400 which surgical ablation of the titillator processes had no effect on the copula duration prior to 401 sperm transfer but resulted in female resistance during copulations (Wulff and Lehmann, 402 unpublished results). 403
Our novel approach, using a combination of X-ray micro-computed tomography, scanning 404 electron microscopy, video recording and in situ histology, revealed new insights into • Copulating pairs were video recorded, cryo-fixated and scanned with µCT.
• Video recording showed rhythmical titillator movements without anchoring.
• Titillators touch sensilla on the inner side of a female's subgenital plate.
• Titillators seem to function as stimulatory devices during copulatory courtship. 
Minerva
